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PART THREE 

ESTIMATES OF MINER LOCATION ACCURACY: 

ERROR ANALYSIS I N  SEISMIC LOCATION PROCEDURES FOR TRAPPED MINERS 

Robert S. Crosson 
David C .  P e t e r s  

Un ive r s i t y  of Washington 

I. SUMMARY 
- -- 

A method of e r r o r  a n a l y s i s  has  been app l i ed  t o  t h e  l o c a t i o n  technique 

of mon-linear l e a s t  squares  i t e r a t i v e  i nve r s ion  i n  o rde r  t o  eva lua t e  t h e  

r e so lv ing  power of s e v e r a l  se i smic  a r r a y  con f igu ra t i ons  w i th  va r ious  assumed 

e a r t h  models and e r r o r s  and inaccu rac i e s  i n  a r r i v a l  t i m e s .  

The r e s u l t s  ob ta ined  demonstrate  t h a t  l a t e r a l  a ccu rac i e s  of l o c a t i o n  

a r e  improved s i g n i f i c a n t l y  when t h e  depth  of t h e  miner is  known. L a t e r a l  

l o c a t i o n  t o  w i t h i n  100 f e e t  appears  ach i evab le  i n  many i n s t a n c e s .  I f  i t  i s  

p o s s i b l e  t o  r e f i n e  e a r t h  models s i g n i f i c a n t l y  beyond what has  normally been 

assumed i n  t h i s  work by t h e  u se  of on - s i t e  d a t a ,  o r  i f  t h e  mine i s  shal low 

(300 f e e t  o r  l e s s ) ,  a ccu rac i e s  of  .about 30 f e e t  'or s o  may be  a t t a i n a b l e .  

I naccu rac i e s  i n  e a r t h  models of about 5% a r e  found t o  c o n t r i b u t e  much 

more heav i ly  t o  t h e s e  l o c a t i o n  inaccu rac i e s  than e r r o r s  of a few mi l l i s econds  

i n  p ick ing  a r r i v a l  times; however, a r r i v a l  time e r r o r s  of 15-20 m s  o r  above 

w i l l  dominate t h e s e  model i naccu rac i e s .  

The expected accuracy of l o c a t i o n  is  found t o  f a l l  o f f  very  r a p i d l y  

a s  t h e  miner moves o u t s i d e  t h e  a r r a y .  The s t r e n g t h  of t h i s  e f f e c t  depends 

markedly upon t h e  geometry of t h e  a r r a y  con f igu ra t i on  and can be  reduced by 

c a r e f u l  des ign .  Also, a s  t h e  s i z e  of  t h e  a r r a y  i s  inc reased ,  expected loca-  

t i o n  e r r o r s  w i th in  t h e  a r r a y  a r e  no t  a l t e r e d  much, bu t  cont inue  t o  match t h e  

e r r o r  a s soc i a t ed  w i th  t h e  sma l l e r  a r r a y  over  a l a r g e r  a r e a  (assuming t h a t  

a l l  s t a t i o n s  can s t i l l  p i c k  up t h e  miner ' s  s i g n a l s ) .  

B e t t e r  l o c a t i o n  accuracy,  e s p e c i a l l y  w i th  r e spec t  t o  depth c o n t r o l  is  

achievable  i n  an  e a r t h  where t h e  v e l o c i t y  i s  depth-dependent ( i nc reas ing  wi th  

depth)  than  i n  one which is homogeneous. This  is an  advantage s i n c e  t h e  
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a c t u a l  e a r t h  i s  c l e a r l y  c l o s e r  t o  t h e  former  s i t u a t i o n .  Models where t h e  

s e i s m i c  v e l o c i t y  i n c r e a s e s  l i n e a r l y  w i t h  d e p t h  can b e  found which a r e  e x c e l -  

l e n t  approx imat ions  t o  a  l a y e r e d  e a r t h  f o r  t h e  purposes  of  l o c a t i o n .  

I t  h a s  t o  b e  emphasized t h a t  t h e  l o c a t i o n  a c c u r a c i e s  p r e d i c t e d  i n  

t h i s  work a r e  s u b j e c t  t o  t h e  major  ass.umption t h a t  t h e  a c t u a l  b e h a v i o r  of  

t h e  e a r t h  can b e  r e p r e s e n t e d  reasonab ly  a c c u r a t e l y  by t h e  models s e l e c t e d .  I f  

t h i s  i s  n o t  t h e  c a s e ,  t h e n  l o c a t i o n  i n a c c u r a c i e s  r e s u l t i n g  from t h e  u s e  of 

t h e s e  models may b e  much l a r g e r  t h a n  t h o s e  p r e d i c t e d  h e r e ;  new c l a s s e s  o f  

models may have t o  b e  developed.  

It  can b e  conc luded ,  however, t h a t  t h e  l o c a t i o n  a c c u r a c i e s  p r e d i c t e d  

f o r  t h e  n o n - l i n e a r  l e a s t  s q u a r e s  i t e r a t i v e  i n v e r s i o n  t e c h n i q u e  make i t  a p p e a r  

p romis ing  f o r  u s e  a s  a  miner  l o c a t i o n  a l g o r i t h m .  A l t e r n a t i v e  and p o t e n t i a l l y  

b e t t e r  l o c a t i o n  t e c h n i q u e s  remain s u b j e c t s  f o r  f u t u r e  i n v e s t i g a t i o n .  These 

may, f o r  example,  i n c l u d e  d i f f e r e n t  w e i g h t i n g  schemes f o r  t h e  se ismometers  

i n  a n  a r r a y ,  o r  a l l o w  t h e  p o s s i b i l i t y  of  i t e r a t i n g  and improving t h e  e a r t h  

model used ,  a s  w e l l  a s  t h e  p r e d i c t e d  l o c a t i o n .  

11. INTRODUCTION 

P r o c e d u r e s  f o r  d e t e r m i n i n g  t h e  l o c a t i o n  of i m p u l s i v e  s e i s m i c  s o u r c e s  

i n  t h e  e a r t h  have been t h e  o b j e c t  of s t u d i e s  by s e i s m o l o g i s t s  f o r  many y e a r s .  

Recent expans ion  of  t h e  u s e  of dense  networks  of  d e t e c t i o n  s t a t i o n s  and h i g h  

f requency  s e n s o r s  and r e c o r d i n g  a p p a r a t u s ,  p a r t i c u l a r l y  f o r  t h e  s t u d y  o f  v e r y  

small e a r t h q u a k e s ,  h a s  s t i m u l a t e d  t h e  development of h i g h - p r e c i s i o n  l o c a t i o n  

t e c h n i q u e s .  The accuracy  and r e s o l v i n g  a b i l i t y  w i t h  which a  g i v e n  a r r a y  of  

s e n s o r s  can l o c a t e  a s e i s m i c  s o u r c e  depend on t h e  c l o s e n e s s  w i t h  which t h e  

model r e p r e s e n t s  t h e  r e a l  e a r t h  a s  w e l l  a s  on t h e  a r r a y  c o n f i g u r a t i o n ;  e r r o r s  

i n  t h e  i n p u t  pa ramete r s  s u c h  a s  a r r i v a l  t i m e s ;  and t h e  p a r t i c u l a r  a l g o r i t h m  

used i n  t h e  c a l c u l a t i o n s .  For t h e  s t a n d a r d  t e c h n i q u e  of n o n - l i n e a r  l e a s t  

s q u a r e  i t e r a t i v e  i n v e r s i o n ,  a  method of  e r r o r  a n a l y s i s  h a s  been developed 

which i s  v e r y  u s e f u l  i n  e v a l u a t i n g  t h e  r e s o l v i n g  power of  a  g i v e n  s t a t i o n  

c o n f i g u r a t i o n  w i t h  known model and a r r i v a l  t i m e  e r r o r s  ( P e t e r s  and Crosson,  

1972) .  The method i s  based on a  p rocedure  known as p r e d i c t i o n  a n a l y s i s  
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(Wolberg, 1966) ,  and i t  a l lows  e r r o r  p r e d i c t i o n s  t o  be made wi thout  a c t u a l l y  

ca r ry ing  o u t  t h e  i n v e r s i o n  c a l c u l a t i o n s .  For t h e  s e i smic  l o c a t i o n  problem 

i t  i s  convenient  t o  diagrammatical ly  r ep re sen t  t h e  e r r o r  s t r u c t u r e  by mapping 

t h e  e r r o r s  on to  t h e  a r r a y  geometry by means of con tour  maps. 

The work r epo r t ed  i n  t h i s  P a r t  i s  a  d i r e c t  a p p l i c a t i o n  of t h e  e r r o r  a n a l y s i s  

procedure t o  t h e  problem of  l o c a t i n g  a  t rapped  miner  who is a b l e  t o  communi- 

c a t e  s e i s m i c a l l y  w i th  t h e  s u r f a c e  by means of producing smal l  impuls ive 

s e i smic  d i s t u rbances .  Given b a s i c  i npu t  d a t a  such a s  t h e  a r r i v a l  t imes  of 

a  d i s c r e t e  event  a t  a  s e r i e s  of d e t e c t o r s  l o c a t e d  a t  t h e  s u r f a c e ,  and known 

i n p u t  i n  terms of an  e a r t h  model, t h e  problem i s  v i r t u a l l y  i d e n t i c a l  t o  t h e  

l o c a l  ear thquake problem except  f o r  s c a l i n g .  I n  t h e  ca se  of t h e  t rapped  

miner ,  sou rce  dep th  may b e  known q u i t e  a c c u r a t e l y  and t h e  e a r t h  model may 

a l s o  be known r e l a t i v e l y  w e l l  compared t o  t h e  t y p i c a l  ea r thquake  i n v e s t i g a t i o n .  

The l i m i t e d  o b j e c t i v e s  of t h i s  P a r t  a r e  t o  e v a l u a t e  t h e  

e f f e c t s  on l o c a t i o n  e r r o r s  of such f a c t o r s  a s  model u n c e r t a i n t i e s ,  t iming 

e r r o r s ,  a r r a y  geometry, and d i f f e r e n t  c l a s s e s  of  models. To c a r r y  ou t  such 

e v a l u a t i o n s  we have c a l c u l a t e d  s t anda rd  e r r o r  maps, contoured i n  t h e  h o r i z o n t a l  

p l ane ,  f o r  t h r e e  c l a s s e s  of models, t h r e e  a r r a y  geomet r ies ,  and v a r i o u s  

combinations of i npu t  parameter  e r r o r s .  The r e s u l t s  should be i n t e r p r e t e d  

n o t  s o  much a s  a b s o l u t e  e r r o r  p r e d i c t i o n s  bu t  a s  r e s o l u t i o n  maps showing t h e  

r e l a t i v e  e f f e c t s  of va r ious  assumptions.  Caution i s  r equ i r ed  i n  i n t e r p r e -  

t a t i o n  because sy s t ema t i c  b i a s  i n ,  f o r  example, model assumptions w i th  

r e s p e c t  t o  t h e  r e a l  earth,may produce sys t ema t i c  e r r o r s  n o t  accounted f o r  by 

t h e  e r r o r  a n a l y s i s .  On t h e  o t h e r  hand, r e l a t i v e  r e s o l v i n g  power of t h e  

g iven  con f igu ra t i on  is  p rope r ly  i n d i c a t e d .  
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111. METHOD OF CALCULATION AND PRESENTATION 

The method of e r r o r  p r e d i c t i o n  i s  d e s c r i b e d  by P e t e r s  and Crosson 

(1972).  A v e l o c i t y  model i s  chosen from which p u l s e  t r a v e l  t imes  can b e  

c a l c u l a t e d .  The normal e q u a t i o n s  a r e  formed f o r  t h e  n o n - l i n e a r  l e a s t  

s q u a r e s  s o l u t i o n  f o r  t h e  s o u r c e  a t  a  g iven  l o c a t i o n ,  and t h e  s o u r c e  l o c a t i o n  

e r r o r s  a r e  c a l c u l a t e d .  The p r o c e s s  i s  r e p e a t e d  f o r  a  number of  l o c a t i o n s  

i n  an  x-y g r i d  and t h e  r e s u l t a n t  v a l u e s  a r e  con toured .  

S t a t i s t i c a l  w e i g h t i n g  i s  used s o  t h a t  d a t a  w i t h  l a r g e  r e l a t i v e  e r r o r s  

do n o t  i n f l u e n c e  t h e  c a l c u l a t i o n s  a s  s t r o n g l y  a s  d a t a  of h i g h e r  accuracy .  

Thus,  i n  t h e  l e a s t  s q u a r e s  method each  s t a t i o n  i n  t h e  a r r a y  i s  weighted w i t h  

t h e  r e c i p r o c a l  o f  t h e  s q u a r e  o f  i t s  a s s o c i a t e d  u n c e r t a i n t y ,  which i s  a  func- 

t i o n  o f  t h e  e r r o r s  i n  t h e  model pa ramete r s  and t h e  d e r i v a t i v e s  of t h e  t r a v e l  

t i m e  t o  t h a t  s t a t i o n  w i t h  r e s p e c t  t o  t h e s e  pa ramete r s .  A l l  v e l o c i t y  models 

used i n  t h e s e  c a l . c u l a t i o n s  a r e  l a t e r a l l y  homogeneous, v e l o c i t y  v a r y i n g  o n l y  

w i t h  t h e  z  c o o r d i n a t e .  The c a t a l o g  of r e s u l t i n g  c o n t o u r  maps numbered 1 

through 24  is  i n c l u d e d  i n  t h i s  P a r t .  A s t a n d a r d  format w i t h  f o u r  machine- 

p l o t t e d  maps f o r  each  c a s e  i s  p r e s e n t e d .  The f o u r  p l o t s  a r e  r e s p e c t i v e l y  

a  a  r e p r e s e n t i n g  r m s  e r r o r  i n  x  and y  c o o r d i n a t e s ,  a  r e p r e s e n t i n g  r m s  
x '  Y z  

e r r o r  i n  z  when z  i s  n o t  f i x e d ,  and a  r e p r e s e n t i n g  t h e  r m s  e r r o r  i n  a l l  
t o t  

t h r e e  c o o r d i n a t e s .  

a  2 = d X 2 + a  + a z  2 
t o t  Y 

The a ' s  a r e  t o  b e  unders tood  a s  e s t i m a t e d  s t a n d a r d  e r r o r s  o r  one s t a n d a r d  

d e v i a t i o n  of  a  normal d i s t r i b u t i o n ,  s o  t h a t  t h e  p r o b a b i l i t y  is  68% t h a t  t h e  

e s t i m a t e d  v a l u e  l i e s  w i t h i n  a of t h e  t r u e  v a l u e  (and 95% t h a t  i t  l i e s  w i t h i n  

20 of  t h e  t r u e  v a l u e ) .  The x  c o o r d i n a t e  i s  toward t h e  t o p  of each diagram and 

y  i s  toward t h e  r i g h t  s i d e .  Where a  c o n t o u r s  a r e  n o t  p l o t t e d ,  t h e  dep th  
z  

was assumed known and f i x e d  a t  600 f e e t .  A l l  c a l c u l a t i o n s  a r e  based  on a  

s o u r c e  d e p t h  o f  600 f e e t .  A s c a l e  i n  f e e t  i s  i n d i c a t e d  on each  diagram and 

a l l  e r r o r  v a l u e s  a r e  i n  f e e t .  Crosses  mark 500 f e e t  from t h e  a r r a y  c e n t e r  

i n  b o t h  x  and y  f o r  each d iagramsand  s q u a r e s  i n d i c a t e  s t a t i o n  l o c a t i o n s .  

Contours  a r e  l a b e l e d  w i t h  t h e i r  r e s p e c t i v e  e r r o r  v a l u e s  and i t  shou ld  b e  

p o i n t e d  o u t  t h a t  c o n t o u r  i n t e r v a l s  a r e  v a r i a b l e  t o  b e t t e r  i l l u s t r a t e  a  

wide range  of e r r o r  c h a r a c t e r i s t i c s .  Thus, c a r e  must b e  e x e r c i s e d  i n  d i r e c t l y  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  app ly  t o  t h o s e  i n  t h i s  P a r t  
u n l e s s  o t h e r w i s e  no ted .  
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comparing d i f f e r e n t  diagrams. Contours a r e  p l o t t e d  i n  m u l t i p l e s  of 10 ,  25 

o r  100 f e e t .  Thus, f o r  example, i f  t h e  minimum e r r o r  contour  i n  a  p l o t  i s  

40 f e e t ,  t h e  e r r o r  never  f a l l s  t o  30 f e e t ,  b u t  may be  a s  low as 31 f e e t  a t  + 
some p o i n t s .  Each diagram i s  l a b e l e d  a s  t o  t h e  v e l o c i t y  model used and t he  

e r r o r s  i nco rpo ra t ed  i n t o  t he  c a l c u l a t i o n s .  Note t h a t  where a 5% model e r r o r  

i s  used i t  means t h a t  5% e r r o r  was assumed i n  a l l  model parameters .  For 

example, w i th  a  l aye red  model both l a y e r  v e l o c i t i e s  and i n t e r f a c e  depths  

a r e  inc luded .  For t h e  l i n e a r  v e l o c i t y  model bo th  t h e  s u r f a c e  v e l o c i t y  and 

t h e  v e l o c i t y  g r a d i e n t  a r e  inc luded .  An e r r o r  of p% i n  t h e  d a t a  means they 

a r e  assumed t o  have been s e l e c t e d  from a  normal d i s t r i b u t i o n  about t h e  

t r u e  va lue  which has  a  s t anda rd  d e v i a t i o n  of p%. 

+ The minimum t o t a l  e r r o r  i s  shown i n  each p l o t .  

Note: Due t o  an e r r o r  i n  s c a l i n g  f o r  t h e  p l o t t e r ,  t h e  x and y  s c a l e s  

i n  Runs 1, 2 ,  5 ,  6,.8, 9 and 12 d i f f e r  by a  r a t i o  of 5:4. 

This  i s  of no s i g n i f i c a n c e  i n  i n t e r p r e t a t i o n .  
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I V .  DISCUSSION OF ERROR MAPS 

Run 1 shows t h e  e r r o r  d i s t r i b u t i o n  f o r  a cons t an t  v e l o c i t y  model wi th  

no model e r r o r  and 1 mi l l i s econd  time e r r o r .  It i s  u s e f u l  f o r  comparisons 

wi th  o t h e r  ca se s  u t i l i z i n g  t h e  hexagonal a r r a y .  E r r o r s  i n c r e a s e  r a p i d l y  

o u t s i d e  t h e  a r r a y  margin. Di f fe rences  i n  x and y p l o t s  r e s u l t  from s m a l l  

d i f f e r e n c e s  i n  t h e  symmetry about t he se  two d i r e c t i o n s .  The gene ra l  f e a t u r e s  

of Run 1 a r e  found i n  a l l  t h e  hexagonal a r r a y  ana lyses .  

A .  T i m e  E r r o r s  

I f  t h e r e  a r e  no model e r r o r s ,  i . e . ,  t h e  model is  known e x a c t l y ,  then  

t h e  r e l a t i v e  e f f e c t  of a r r i v a l  t i m e  e r r o r s  is  l a r g e .  For example, a compari- 

son of Run 9 w i th  5 mi l l i s econd  time e r r o r  and Run 1 wi th  1 mi l l i second  time 

e r r o r  shows,as would be expected,an i n c r e a s e  i n  l o c a t i o n  e r r o r  by a f a c t o r  

of 5 .  On t h e  o t h e r  hand, i f  model e r r o r  is p r e s e n t ,  a change from 1 t o  5 

mi l l i s econd  t i m e  e r r o r  ha s  a much smaller n e t  e f f e c t ,  as i l l u s t r a t e d  by a 

comparison of Runs 10 and 3 f o r  a l i n e a r  v e l o c i t y  case .  The conc lus ion  t o  

be drawn is  t h a t  compared t o  p robable  model e r r o r s ,  a few mi l l i s econds  of  

a r r i v a l  t ime e r r o r  have a s m a l l  e f f e c t .  

However, once a r r i v a l  t ime  e r r o r s  rise t o  10 m s  and above, they  begin 

t o  dominate model e r r o r s .  Locat ion i n a c c u r a c i e s  aga in  r i s e  roughly l i n e a r l y  

w i th  a r r i v a l  t ime e r r o r s  once t h e s e  have r i s e n  t o  15-20 m s  o r  s o  (Runs 21-23). 

B. Model E r r o r s  

Model e r r o r s  e x e r t  s t r o n g  c o n t r o l  on t h e  r e s o l u t i o n  c a p a b i l i t y  of a 

given con f igu ra t i on .  Comparison of Runs 1 and 1 2 ,  where t h e  on ly  d i f f e r e n c e s  

a r e  i n  e r r o r  ass igned  t o  t h e  cons t an t  v e l o c i t y  model, i l l u s t r a t e s  t h i s  f e a t u r e .  

S i m i l a r l y ,  a comparison of Runs 2 and 3 i l l u s t r a t e s  t h e  same e f f e c t  f o r  t h e  

l i n e a r  v e l o c i t y  model. The t o t a l  e r r o r  a lmost  quadruples  a t  t h e  a r r a y  margin 

when going from no e r r o r  t o  5% model e r r o r .  

C. Model D i f f e r ences  

The d i f f e r e n c e s  i n  e r r o r  s t r u c t u r e  as a func t i on  of changing models a r e  

n o t  l a r g e  i n  most c a se s .  Genera l ly ,  models w i t h  v e l o c i t y  i n c r e a s i n g  wi th  

dep th ,  such a s  a l i n e a r  v e l o c i t y  o r  l aye red  model, o f f e r  s u p e r i o r  r e s o l u t i o n  
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compared w i th  a  cons t an t  v e l o c i t y  h a l f s p a c e ,  e s p e c i a l l y  w i th  r e s p e c t  t o  depth.  

Since t h e  r e a l  e a r t h  i s  perhaps c l o s e r  t o  t h e  l i n e a r  o r  l aye red  models, some 

advantage is  gained. The t o t a l  e r r o r  diagrams f o r  Runs 1 and 2 i l l u s t r a t e  

t h e  model dependent e f f e c t  between t h e  cons t an t -ve loc i t y  and l i n e a r - i n c r e a s e  

models, when t h e  models a r e  assumed t o  be  exac t .  Note t h a t  t h e  l i n e a r  v e l o c i t y  

i n c r e a s e  model y i e l d s  b e t t e r  r e s o l u t i o n  w i t h i n  t h e  a r r a y  proper  than  t h e  

uniform ha l f space  model; however t h e  r a t e  of d e t e r i o r a t i o n  of l o c a t i o n  accuracy 

o u t s i d e  t h e  a r r a y  i s  more r a p i d  than  f o r  t he  ha l f space .  Examination of t h e  

l aye red  model r e s u l t s  of Run 1 4  shows behavior  s i m i l a r  t o  t h a t  of t h e  l i n e a r  

model. 

D. Depth Known 

Seve ra l  c a s e s  were c a l c u l a t e d  t o  show t h e  r e s u l t a n t  i n c r e a s e  i n  reso lu-  

t i o n  when i t  i s  assumed t h e  depth i s  known, a s  i t  could w e l l  be  i n  t h e  ca se  

of t rapped miners known t o  be a t  s p e c i f i c  l e v e l s .  Run 4  compared w i t h  Run 3 

shows t h e  f a i r l y  marked e f f e c t  of f i x i n g  depth f o r  two o therwise  i d e n t i c a l  

c a se s .  Reso lu t ion  w i t h i n  t h e  boundar ies  of t h e  a r r a y  becomes ve ry  uniform. 

Comparison of cr f o r  t h e s e  two ca se s  i s  n o t  r e a l l y  meaningful s i n c e  cr 
t o t  t o t  

f o r  t h e  z unknown ca se  i s  dominated by cr . The same k ind  of improvement 
z 

is  noted f o r  a l l  f i x e d  vs .  f r e e  depth comparisons such a s  Runs 14  and 16 ,  

and Runs 7 and 8. However, t h i s  r e s u l t ,  a s  d i s cus sed  i n  Sec t ion  IV-G, 

appears  t o  be i n v a l i d  i f  a  homogeneous e a r t h  model i s  used, when a  v a r i a b l e  

depth a l lows  a  b e t t e r  l a t e r a l  l o c a t i o n  accuracy t o  be achieved.  

E.  Changing Array Dimensions 

Prev ious  r e s o l u t i o n  s t u d i e s  sugges t  t h a t  improved c o n t r o l  may be 

ob ta ined  i f  an a r r a y  does n o t  have a h igh  degree  of symmetry. The ex- 

p l a n a t i o n  f o r  t h i s  phenomenon i s  t h a t  a r r i v a l  t ime d a t a  from a h igh ly  

symmetrical  a r r a y  may be l a r g e l y  redundant  and t hus  l a c k i n g  i n  l o c a t i o n  
11 information".  Less symmetr ical  con f igu ra t i ons  a r e  i l l u s t r a t e d  i n  Runs 

11 and 13 ,  both f o r  a  l i n e a r - v e l o c i t y  model, and i n  Run 15  f o r  a  layered-  

model. I n  Run 11, a modified "H" a r r a y  shows s i g n i f i c a n t  improvement 

over  t h e  h i g h l y  symmetric hexagonal a r r a y  used i n  Run 3. S i m i l a r l y ,  t h e  
11 s t r e t c h e d "  hexagonal a r r a y  used f o r  Run 1 3  shows s l i g h t  improvement 

over  t h e  hexagonal a r r a y  of Run 3.  Thus a r r a y  con f igu ra t i on  i s  an 

impor tan t  f a c t o r  i n  t h e  des ign  of t h e  system. 
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F. Layered Models 

Runs 14  through 19  a r e  comparative cases  run on both 2- and 4-layer 

models. The r e s u l t s  a r e  n o t  dramat ica l ly  d i f f e r e n t  from similar cases  

run wi th  t h e  l i n e a r  model which was chosen a s  a reasonable r ep re sen ta t ion  

of t h e  4-layer model. S ince ,  f o r  a l l  cases ,  t h e  source l ies i n  t h e  deepest  

l a y e r ,  t h e  improved depth c o n t r o l  e f f e c t s  noted i n  earthquake s t u d i e s  when 

r e f r a c t i o n s  occur (Pe t e r s  and Crosson, 1972) a r e  not  observed here .  How- 

eve r ,  i n  c o n t r a s t  t o  t h e  l i n e a r  model, model e r r o r s  varying a s  a func t ion  

of depth could be  represented  e f f e c t i v e l y  i n  a layered  model. 

G. Ca l ib ra t ion  of Ear th  Models 

A r e l a t i v e  c a l i b r a t i o n  of e a r t h  models is  exh ib i t ed  i n  t h e  r e s u l t s  

of computed l o c a t i o n s  shown i n  Table 2. A r r i v a l  t i m e s  from se ismic  events  

a t  a f i x e d  depth of 600 f e e t  b u t  vary ing  l a t e r a l  p o s i t i o n s  r e l a t i v e  t o  t he  

hexagonal a r r a y  were generated us ing  a 4-layer model a s  fol lows:  

TABLE 1 

4-LAY ER MODEL 
Depth P-Wave Veloci ty 

2,000 f p s  

4,000 

8,000 

12,000 

half-space 

The l o c a t i o n s  f o r  t h e s e  events  were then computed us ing  two simpler  

"best  f i t "  models. 

(i) Homogeneous half-space,  V = 8,500 fps  
P 

( i i )  Linear  v e l o c i t y  model, 
vP 

= 4,200 + 5002 f p s  

The term "best  f i t "  i n  t h i s  context  means t h a t  t h e s e  models b e s t  

f i t t e d  a t r a v e l  t i m e  curve f o r  t h e  4-layer model i n  a leas t - squares  sense 

over d i s t ances  of i n t e r e s t  t o  t h i s  experiment.  
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It can b e  s een  from Table  2  t h a t  t h e  l i n e a r  v e l o c i t y  model pro- 

v i d e s  an e x c e l l e n t  f i t  t o  t h e  " r ea l "  4- layer  e a r t h  bo th  i n s i d e  and out-  

s i d e  t h e  hexagonal a r r a y ;  t h e  homogeneous ha l f - space  i s  a  much l e s s  

s a t i s f a c t o r y  approximat ion f o r  l o c a t i o n  purposes ,  d e t e r i o r a t i n g  p a r t i c u -  

l a r l y  r a p i d l y  a t  t h e  boundar ies  of t h e  a r r a y .  I n t e r e s t i n g l y ,  t h e  

homogeneous ha l f - space  model always p rov ides  a  more a c c u r a t e  l a t e r a l  

f i x  when t h e  dep th  of t h e  s e i smic  even t  i s  allowed t o  va ry  from i t s  

t r u e  v a l u e  r a t h e r  t han  when i t  i s  f i x e d .  Th i s  i s  on ly  t r u e  f o r  t h e  

l i n e a r  v e l o c i t y  model when t h e  s e i smic  even t  f a l l s  w i t h i n  t h e  a r r a y .  

When t h e  dep th  i s  al lowed t o  v a r y ,  t h e r e  is  a  cor responding  i n a b i l i t y  

on t h e  p a r t  of t h e  approximate models t o  match t h e  t r u e  tfme of occur- 

rence  of t h e  s e i s m i c  e v e n t ,  a s  shown i n  Table  2. 

P r e l im ina ry  conc lus ions  t h a t  may be  drawn from t h e s e  r e s u l t s  

a r e  t h a t  i n  p r a c t i c a l  terms a  l i n e a r  v e l o c i t y  e a r t h  model, which i s  

computa t iona l ly  much e a s i e r  t o  hand l e ,  may be  used t o  r e p r e s e n t  a  

l aye r ed  e a r t h  f o r  l o c a t i o n  purposes  wi thout  i n t roduc ing  s e r i o u s  e r r o r s ;  

secondly ,  i f  a  homogeneous e a r t h  model is used,  i t  may be  w i s e r  t o  

l e t  t h e  dep th  vary  even i f  i t  i s  known, s i n c e  e r r o r s  i n  a r r i v a l  t imes w i l l  

predominant ly  i n t r o d u c e  an e r r o r  i n  t h e  computed z c o o r d i n a t e  which,  i f  n o t  

l e f t  f r e e  t o  "compensate" f o r  t h i s ,  w i l l  cause  l a r g e r  e r r o r s  i n  t he  x 

and y coo rd ina t e s . (As  t h e  s e i s m i c  even t  moves away from t h e  c e n t e r  of  

t h e  a r r a y ,  a r r i v a l  t imes become more s e n s i t i v e  t o  t h e  x and y  c o o r d i n a t e s ;  

hence,  t h i s  r e a son ing  e v e n t u a l l y  b reaks  down, a s  shown by t h e  r e s u l t s  

ob t a ined  f o r  t h e  l i n e a r  v e l o c i t y  model.) 
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TABLE 2 

COMPARISON OF LOCATION ERRORS FOR TWO APPROXIMATE MODELS 

A r r i v a l  Times Generated Using 4-Layer Ear th  Model-Event 
Locat ions  Computed Using "Best  it" Constant Veloc i ty  

Half-Space and Linear  Veloc i ty  Models wi th  Assumed 
Model E r ro r s  of 5% 

Locat ion Array: 7 Seismometer 
Hexagonal Array: 600 f t .  s i d e  

Computed Event Locat ion ( f e e t )  
Actual  Event Const. Vel. Const. Vel. Lin.  Vel.  in.  el. 
Locat ion ( f e e t )  Depth Varied Depth Fixed Depth Varied Depth Fixed 

X 100 
Y 0 
z 600 
t 0 s e c s  

x 300 
Y 0 
z 600 
t 0 s e c s  

x 500 
Y 0 
z 600 
t 0 s e c s  

x 700 
Y 0 
z 600 
t 0 s e c s  

X 9 00 
Y 0 
z 600 
t 0 s e c s  
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TABLE 3 

SUMMARY OF ERROR DIAGRAPIS 

Run Arrav 

Type 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

H 

Hex 

Mod Hex 

Hex 

H 

Hex 

Hex 

Hex 

Hex 

H 

Hex 

Hex 

Hex 

Hex 

S t a t i o n  Veloc i ty  Parameter E r ro r  Depth 
Spacing, Model Fixed? 

f t .  - 0 0 
v (%) t ( s ec . )  

Con 

Lin 

Lin 

Lin  

Con 

L i n  

Lin 

Lin 

Con 

Lin 

L in  

Con 

L i n  

2 Lay 

2 Lay 

2 Lay 

2 Lay 

4 Lay 

4 Lay 

Lin 

Lin 

Lin 

Lin  

Lin 

* i n d i c a t e s  depth f i x e d  f o r  e r r o r  computations.  
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TABLE 3 (Continued) 

Con -- Constant Velocity Model: V = 12,000 fps 
P 

Lin -- Linear Velocity Model: V = 5,000 + 18 fps 
P 

2 Lay -- Two-Layer Model: Depth, ft. Velocity, f p s  

0-200 6,000 

200 + 10,000 

4 Lay -- Four-Layer Model: 0-10 

10-100 

100-300 

300 + 
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NOTE: Vertical and Horizontal 
Scales are Different 
in the Ratio of 5:4 
on Some Runs 

0 min. tot 

= 46.4 

MODEL: Constant Velocity 
v = 12000fps 
0. = 0% 
at = 1 ms 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

Note Large Effect of 
Time Error when 
Model is Known 

RUN 1 
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- 
0 500 ft. 

MODEL: Linear Velocity 
v = 5000 + 182 
0, = 0 
ot = .001 

RUN 2 
ERROR CONTOURS I N  FEET 

Linear Velocity 
Gives Much Better 
Depth Control 

(5 min. tot 

= 27.9 

SOURCE DEPTH - 600 FEET 
3 .14  
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ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 3 
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ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

RUN 4 

3.16 
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H 
0 500 ft. 

v = 12000 Expanded array 
a, = 0 Compare to 1 ; ototmin. = 25.9 
ot = .001 

ERROR CONTOURS I N  FEET RUN 5 
SOURCE DEPTH - 600 FEET 
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Expanded Array 
Compare to 2; ototmin. = 18.7 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 6 

3.18 
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v = 5 0 0 0 +  182 
av = 5% 
0, = .OOl 
Double Array Dimensions 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 7 

3.19 
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v =5000+18z 
av = 5% 
at = .001 
Depth Fixed 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

Expanded Array 
Compare to 4; ototmin. = 54.0 

RUN 8 

3.20 
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I-----------------I 
0 500 ft. 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

(IXi = 5 x ox (plot 1) 
i 

oto,rnin. = 231.9 

RUN 9 

3.21 
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ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 10 
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ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 11 

3 . 2 3  
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- 
0 500 f t .  

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

Compare to 1,3, 9 
otOtmin. = 136.2 

RUN 12 
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ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 13 

3.25 
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2 Layer Model 
a, = 5% 
a, = ,001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 14 

3.26 
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(T 
tot 

2 Layer Model 
0, = 5% 
ot = ,001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 15 

3 .27  
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2 Layer Model 
0, = 5% 
0, = .001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 16 
I 

3 .28  
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2 Layer Model 
0, = 5% 
ut = .005 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 17 

3 .29  
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4 Layer Model 
0" = 5% 
a, = .001 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

RUN 18 

3 .30  
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4 Layer Model 
o, = 5% 
o, = .005 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 19 

3.31 
Arthur D Little Inc 



ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 



ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 21 

3 . 3 3  
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v = 5000+ 18z 
0, = 5% 
0, = .015 

ERROR CONTOURS IN F E E i  
SOURCE DEPTH - 600 FEET 

RUN 22 
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ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 23 
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RUN 24 
ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 
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